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DEFINITIONS

OF INTELLIGENCE




Intelligence

* Complex multifaceted term — many
overlapping definitions have been put
forward.

* For example (Bartholomew 2004):
— Cognitive ability.
— Rational thinking.
— Problem solving.
— Goal-directed adaptive behaviour.
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Goal-based Definitions

* |ntelligence conceived as the achievement of
goals or the receipt of rewards from the
environment.

* Legg and Hutter (2007) developed a universal
measure of intelligence based on this
definition.
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Problems with Goals/Rewards

* Arbitrariness. Al system could increase its
intelligence by changing its goals.

 Wireheading. Al system can give itself
arbitrarily large rewards.

Actuators. The achievement of goals requires
some form of actuator. Two systems could be

equally intelligent, but one might be too wealk,
for example, to achieve its goals.
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Cognitive Ability and
Rational Thinking

* Cognitive ability begs the question.

 Many stupid things can be done with rational
thinking — think of all the bad programs you
can write in Lisp.
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Multiple Intelligences

* Gardner (2006) claims that there are many
different types of intelligence (emotional
intelligence, musical intelligence, etc.).

 Warwick (2000) describes intelligence as a
high-dimensional space of abilities.
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Fluid vs Crystallized Intelligence

e Distinction introduced by Cattell (1971).

* Fluid intelligence is some kind of aptitude or
capacity for learning and solving new problems.

e Crystallized intelligence is the reproduction of
stored knowledge.

e Early IQ tests measured both.

* Modern researchers mostly focus on fluid
intelligence: a person’s ability to solve new
problems regardless of previous education and
environment.
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Definition of Intelligence

e We do not have a clear definition of
intelligence.

 Measures of intelligence, such as 1Q and g-
score, still work because they are grounded in
other measures of success (Robertson et al.
2010).

e This lack of clarity is much more problematic
with artificial intelligence.
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Predictive Brain Hypothesis

* Large amount of interest in the predictive
brain hypothesis (Clark 2016).

* Brain layers organized into hierarchies.

e Each layer predicts the state of the layer
below it and receives an error signal about the
accuracy of its prediction.
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Predictive Brain Hypothesis

* |f brains are intelligent and the brain’s core
function is prediction, then brains that are

better predictors should be more intelligent.

24/9/2021 David Gamez - A Universal Measure of Intelligence Based on Prediction

13



Prediction and Action

* We constantly predict the results of different
possible actions and select the ones that lead
to our goals.

 |f you cannot predict, you cannot plan — you
can only react to changes in the environment
as they occur.

e A system with perfect predictive ability would
have god-like omniscience.

24/9/2021 David Gamez - A Universal Measure of Intelligence Based on Prediction

14



24/9/2021

Next

NI_EiDLAS CAGE JULIANNE MOORE JESSICA BIEL

David Gamez - A Universal Measure of Intelligence Based on Prediction

15



Prediction and Intelligence in Animals

* Predictive ability is correlated with intelligence in
animals.

* Snails do little or no prediction — their actions are
determined by their immediate environment.

* The world does something to the snail and it
responds in an evolutionarily hardwired way that,
on average leads to the survival of the species.

* Sheep have a limited ability to predict how the
environment will respond to their actions
(Marino and Merskin 2019; Gamez 2019).
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Prediction and Intelligence in Animals

* Crows and octopi combine reactive behaviours
with actions based on predictions about their
environment.

* They can solve complex problems and build
tools.

e Humans combine their reactive behaviours
with planning based on complex predictions
on multiple time scales.
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Intelligence and Environments

 Some people think that intelligence is an
abstract property that is independent of the
environment.

e A person has a certain amount of intelligence
regardless of whether they are working in the
natural world or studying a genomics
database.
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Predictive Intelligence
and Environments

e A system’s ability to generate predictions is relative to
Its environment.

* One system predicts weather patterns; another system
predicts protein folding.

* No one has developed a completely general prediction
system that can outperform systems that are built for
specific environments.

 The human brain has been honed by evolution to work
well in a hunter gatherer environment

e Al systems that process large data sets cannot make
accurate predictions in a hunter-gatherer environment
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Predictive Intelligence
and Environments

 There are many different forms of natural and
artificial intelligence, which are specific to their
different environments.

 We don’t have to broaden our concept of
intelligence to handle this (musical intelligence,
emotional intelligence, etc.).

* |Instead, we say that system A has a high level of
predictive intelligence in a musical environment
and system B has a high level of predictive
intelligence in a chess environment.
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Predictive Intelligence
and Environments

e Relativization of intelligence to a set of environments helps us
to understand and appreciate different forms of human
intelligence.

e |Q tests measure intelligence within an academic environment
of mathematical symbols, abstract shapes, and so on.

* This is why 1Q tests are correlated with measures of academic
success (school grades, advanced degrees, publication of
papers, professional careers, etc.).

e Successful plumbers have high levels of predictive intelligence
within the environment of pipes, fittings, water flow, etc.

24/9/2021 David Gamez - A Universal Measure of Intelligence Based on Prediction 21



Three Hypotheses about Intelligence

 H1. Prediction is the most important
component of intelligence.

 H2. Prediction and intelligence are relative to
sets of environments.

 H3. The amount of a system’s intelligence
varies with the number of accurate
predictions that it makes in a set of
environments.

24/9/2021 David Gamez - A Universal Measure of Intelligence Based on Prediction 22



IMIEASURING PREDICTIVE

INTELLIGENCE




Measuring Predictive Intelligence

* | have developed an algorithm for measuring
predictive intelligence that can, in theory, be
applied to any system at all.

* Enables us to compare the intelligence of
humans, ants, sheep, Als etc. within sets of
environments.

* Tested on an agent in a maze environment and
on a machine learning algorithm.
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Agent

* Consider a simple agent with internal states
that are connected to the environment.

* Input states I, ... I, change in time as
environment changes and agent interacts with
environment.
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Agent - Time O

Iio| | 12-0||I5.0 | |14-0

Environment
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Agent - Time 1

Ijg | ({21 | (I5-1 | |L4-1

Environment

24/9/2021 David Gamez - A Universal Measure of Intelligence Based on Prediction : ) 27



Agent - Time 2

Iio| (122 | (1322 | 142

Environment
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Agent Predictions

* Agent generates time indexed predictions P, ...
P, about its future internal states.

* |[n the most general case, these predictions are

probability distributions across values and
time.
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Predictive Intelligence of Agent

* To measure predictive intelligence we
compare agent’s predictions about its internal
states with its future internal states.
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Prediction Match

 Predictions are random variables with a
probability distribution across values and
time.

* For discrete probability distributions, use
Helliger distance to measure the accuracy of
oredictions.

e Different approach for continuous probability
distributions.
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Prediction Match for
Discrete Distributions

 For discrete distributions:

1 k ,
72\ & WE v,

H(PnQ) —

* Helliger distance is 1 when there is a perfect
mismatch so 1-Helliger distance gives us a
measure of the match between a prediction
and an input state scaled between 0 and 1.
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Prediction Match for
Continuous Distributions

 Measure intersection between prediction and
value with error bounds.

e Also gives number between 0 and 1.

Prediction Match Calculation for Selected Point

Actual value with error bounds
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Eliminating Random Guesses

 Arandom guess often has some match with
actual values.

« Random guessing is not linked to intelligence.

e Subtract random guess from the prediction
match and take absolute value.

PM(P,S)=|(1—H(P,S))—(1—H(R,S))|
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Prediction Match Calculation for Selected Point

Actual value with error bounds
== Random Guess
= Prediction




Complexity of Predictions

* Prediction match is summed across all states
of the environment.

e System could make large numbers of trivial
predictions that come true.

e Address this by multiplying sum of prediction
match by compressibility of the predictions.
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Compressibility

* Similar to Kolmogorov complexity.

* Length of the shortest string describing the
predictions divided by the original length of
the string describing the predictions.

 Cannot be calculated, so approximated by
compression algorithms.
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Predictive Intelligence
in Single Environment

 Sum prediction match across all states of the
environment and multiply by compressibility
of predictions.

T

P q
=S Y M

s=1i=1 t=1

* Take log to make it easier to compare different
e Pl — {'logz(PMe) if PMp, > 1
¢ 0 otherwise
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Predictive Intelligence
in Set of Environments

* Sum predictive intelligence across the set of
environments.

* Multiply by the compressibility of the
environments to eliminate trivial differences
between environments

P
[:1 _ C(E1+E2+"'+Eﬂ.) ZPI
CTLE) FLE) + o+ LED L
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[: Predictive Intelligence

X is the Old Norse letter (rune) that corresponds to
our modern ‘p’ sound.

 Named ‘peorth’, ‘perth’ or ‘pertho’.

[l is associated with the dice cup, chance, secrets,
destiny and the future.

« [_is crystallized intelligence.

« K is fluid intelligence. This is defined as the rate of
change of crystallized intelligence: ,
dh.

he = dt
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Experiments

* | have tested the algorithm on:
— Agent that explores maze environments.
— Deep network that does time series prediction.

* Available at: http://www.davidgamez.eu/pi/
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Universal Measure of Intelligence

[ could be used to measure and compare

intelligence across species.
 Compare natural and artificial intel

 More work needs to be done to ap
natural systems.

igence.

oly X to
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Definition of Artificial Intelligence

* The systems currently classified as artificially
intelligent include:

— Face recognition systems.
— Self-driving cars.

— Chatbots.

— Cognitive systems.
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Definition of Artificial Intelligence

* Some Als have trivial implementations.

* Some are classifiers — reasons to think that
classification is not a component of
intelligence.

 Some do prediction — game playing systems,
cognitive robots, self-driving cars.
* Predictive theory of intelligence provides a

clear way of distinguishing between Al
systems that are and are not intelligent.
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Regulation of Al

 Some people are concerned about an
uncontrolled expansion of Al (singularity).

* Could use KX to regulate the amount of Al in
areas of concern, for example cybersecurity.

[ increases the transparency of
superintelligent systems.

[ could be used to protect jobs.
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Applications: Philosophy of Science

* Popper (2002) stresses the importance of
developing scientific theories that can
generate large numbers of falsifiable
predictions.

e Can measure the KX of scientific theories and
rank and compare them.

e Could be used as part of computational
scientific discovery.
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-~ Singularity

X can be used to evolve Als that are more
intelligent within a particular environment.

* These will take over the world and destroy
numanity.

* Running a student
oroject on this.
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Conclusions

* Good reasons for thinking that intelligence is

closely linked to a system’s ability to make
accurate predictions.

 Have put forward three hypotheses about the
relationship between intelligence and
prediction.
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Three Hypotheses about Intelligence

 H1. Prediction is the most important
component of intelligence.

 H2. Prediction and intelligence are relative to
sets of environments.

 H3. The amount of a system’s intelligence
varies with the number of accurate
predictions that it makes in a set of
environments.
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Conclusions

e Qutlined an algorithm for measuring
predictive intelligence, K.

* This algorithm has been tested in
experimental work.

[ has many applications in psychology and
computer science.
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A gystematic understanding of the relationship between intelligence and consciousness can
only be achieved when we can accurately measure intelligence and consciousness. In other
work, T have suggested how the measurement of consciousness can be improved by reframing
the science of consciousness as a search for mathematical theories that map between physical
and conscious states. This paper discusses the measurement of intelligence in natural and
artificial systems. While reasonable methods exist for measuring intelligence in humans, these
can only be partly generalized to non-human animals and they cannot be applied to artificial
systems. Some universal measures of intelligence have been developed, but their dependence
on goals and rewards creates serious problems. This paper sets out a new universal algorithm
for measuring intellizence that is based on a system’s ability to make accurate predictions.
This algorithm can measure intelligence in humans, non-human animalk and artificial systems.
Preliminary experiments have demonstrated that it can measure the changing intelligence of an
agent in a maze environment. This new measure of intelligence could lead to a much better
understanding of the relationship between intelligence and consciousness in natural and artificial
systems, and it has many practical applications, particularly in AT safety.

Keywords: Intelligence; Consciousness; Prediction; Predictive Brain; Bayesian Brain; Prob-
ability; Artificial Intelligence; AT; Universal Measure of Intelligence.
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Introduction Agent Maze Experiments Machine Learning Experiments

Introduction

This website describes the research that | am doing on a new measure of intelligence.
The theoretical background and an earlier version of the algorithm are given in a recent
paper.

The Agent Maze Experiments show how my algorithm can successfully measure the fluid
and crystallized intelligence of an agent as it explores different environments. The
Machine Learning Experiments show how my algorithm can successfully measure the

fluid and crystallized intelligence of a deep network that learns to make predictions
about time series data.

The TypeScript source code can be downloaded here.
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Questions?

e www.davidgamez.eu.

e http://www.davidgamez.eu/pi/
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